To better understand the contribution of cosmic ray muons to the CUORICINO background, ten plastic scintillator detectors were installed at the CUORICINO site and operated during the final 3 months of the experiment. From these measurements, an upper limit of 0.0021 counts/(keV·kg·yr) (95% C.L.) was obtained on the cosmic ray induced background in the neutrinoless double beta decay region of interest. The measurements were also compared to Geant4 simulations.
sides of the detector were several layers of thermal shields and a 1.2 cm thick cylindri- In CUORICINO, any single-bolometer energy deposition in the 0νββ energy re-33 gion is a potential background that can decrease the sensitivity of the experiment.
34
Cosmic rays are one source of background. The 3200 mwe overburden at Gran Sasso the mountain profile [4, 5] .
39
A muon could produce a bolometer signal by interacting directly in the detector.
40
Additionally, muons interacting in the detector, shieldings, or surrounding materials 41 could create secondary products that might mimic a 0νββ decay. For example, neutrons produced by cosmic rays are very energetic and thus difficult to block 43 with shields. Photons emitted in (n, n γ) or (n, γ) reactions could appear near the 44 0νββ energy. Neutron production increases with the atomic weight of the material; 45 therefore, lead shields can be a strong source of muon-produced neutrons. However,
46
neutron production is mostly associated with showers, so this background may be effectively identified by coincident events in different bolometers.
48
Several Monte Carlo simulations have been carried out on cosmic ray-induced 49 backgrounds but few direct measurements have been made [6, 7, 8, 9, 10, 11, 12, 13, 50 14]. For the present study, an external muon detector was installed to tag muon-51 induced background events in CUORICINO during its last three months of operation.
52
Section 2 and Section 3 give details of the muon detector setup and performances. were obtained from previous experiments; the various types are described in Table 1 .
59
The total sensitive surface area of the scintillators was about 3.67 m 2 . A photograph 60 of four of the scintillators is shown in Figure 2 .
61
Scintillator Length Width Thickness Number Label (cm) (cm) (cm) of PMTs   A1  100  50  5  1  A2  100  50  5  1  B1  120  60  15  2  B2  120  60  15  2  C1  96  42.5  3.2  1  C2  55  64  3.2  1  D1  200  20  3  1  D2  200  20  3  1  D3  200  20  3  1  D4  200  20  3  1   Table 1 : Dimensions of the plastic scintillators used simulation reproducing the muon flux measured by MACRO [5] was used to optimize the placement of the counters. The arrangement of the scintillators is shown in Figure   66 3.
67
Each scintillator was read out by one photomultiplier tube (PMT) attached to 68 one of its smallest faces, except the type B scintillators which had two PMTs on the 69 same face with their outputs summed.
70
The type A and B scintillators were the thickest and were operated alone. For 71 these scintillators, the energy released by a through-going minimum ionizing particle Threshold Disc.
Threshold Disc.
Threshold Disc. days.
101 Figure 5 shows the energy spectrum acquired by one of the type A scintillators.
102
Two regions are evident: a low energy background region and a broad peak at higher 103 energies. The low energy background is due to radioactivity, dark noise, and muons 104 that clip the scintillator, whereas the higher energy peak is mostly due to cosmic ray 105 muons.
106
The efficiencies of the detectors were measured above ground in the assembly in Figure 5 , this cut rejected ∼10% of the muons, although for the thicker type B
125
(15 cm) detectors, the estimated loss of efficiency was less than 1%.
126
For the thin scintillators, coincidences between different detectors were used to 127 generate triggers as described in Section 2 and no further cut on the energy of the 128 events was applied in the analysis, since the muon peak was not well separated from 129 the background in the energy spectrum.
130
In order to determine the overall efficiency of the setup for tagging muons asso- 
135
The simulation is described in more detail in Section 4.
136
The total trigger rate of the muon detectors combined was ∼14 mHz with no cuts 137 applied, or ∼4 mHz with energy threshold cuts, while the expected signal rate from on the ground-level energy spectrum for that angle, which was approximated as [16] :
s cm 2 sr GeV
where E GL is the energy at ground level, α = 1.1/115 GeV, and β = 1.1/850 GeV.
161
The ground-level energy was then translated into an underground energy based on 162 the formula [16] :
where E U is the energy underground, b = 0.4 × 10 
169
The output of the simulation contained the event number, detector number (scin-170 tillator number or bolometer number), hit time, and energy released in the detector.
171
This output was used to produce spectra and scatter plots, taking into account the The Monte Carlo simulation produced the equivalent of about 3.5 years of data 176 (∼ 8 × 10 6 primary muons). In addition to statistics, the simulations were subject 177 to systematic uncertainties: uncertainty in the primary muon flux and spectrum
178
(8%) [3] , Geant4 electromagnetic tracking (5%), uncertainty in the muon-induced 179 neutron yield (40%), and neutron propagation and interaction (20%) [17] . Analysis
180
of simulation results will be discussed in Section 5.1.
181

Data Analysis
182
The analysis involved searching for correlations between muon triggers and events due to the low event rates.
187
The bolometer spectrum was divided into three energy regions: 200-400 keV, therefore investigated with this measurement.
197
In the limit of low rates, the rate of "accidental" coincidences between muon 198 events and bolometer events is given by:
where R bolo is the bolometer event rate, R µ =4.01 mHz is the muon rate, and ∆T =50 events is consistent with the number of expected accidentals, as shown in Figure 7 (b).
210
Evidently, the bolometer anti-coincidence cut is very effective at eliminating potential 211 muon-induced backgrounds.
212
The numbers of expected accidental and measured coincidences shown in Fig-213 ure 7(b) provide an upper limit on the muon-induced contribution to the CUORI-
214
CINO background. These results are summarized in Table 2 . The limits were 215 computed by using the Feldman-Cousins method [18] to obtain an upper limit, 216 ν up , on the expected number of muon-correlated signal events. This number was 217 converted into an upper limit on the background rate, R up , in the usual units of 218 counts/(keV·kg·yr) as follows:
Here, X = 3.99 kg·yr is the total exposure (active bolometer mass times live time)
220
and ∆E is the size of the energy window. The error on the energy window is taken 221 to be on the order of the energy resolution, 7-9 keV on average. The factor f obs = 222 13.6 ± 1.6% is the fraction of the muons producing signal in bolometers that are Table 2 : Upper Limits (95% CL) on the contribution of muon-induced events to the CUORICINO background. Limits were computed using the Feldman-Cousins method. A is the expectation value of the number of accidental coincidences. M is the number of measured coincidences. ν up is a limit on the mean number of observed muon-correlated signal events, while R up gives an upper limit on the rate in counts/(keV·kg·yr).
bolometers. The uncertainty in f obs is the dominant systematic uncertainty in the 227 conversion from ν up to R up ; however, this uncertainty is much smaller than the 228 statistical uncertainty, and has therefore been neglected in computing upper limits.
229
After applying the bolometer anti-coincidence cut, the upper limit on the muon- we do not set an upper limit for delayed coincidences with the present data. 
Simulation Results
240
The analysis of the simulated events was carried out in the same way as for 
245
In Table 3 , the simulated rates of bolometer events in coincidence with the muon 246 detector are reported and compared with data (with and without imposing a bolome-
247
ter anti-coincidence cut). The measured rates are reported after the subtraction of 248 the expected background from accidental coincidences. In Table 4 
269
The muon-induced backgrounds may not scale directly from CUORICINO to
270
CUORE because of differences in the detector and shield geometry, materials, and 271 anti-coincidence efficiency. For that reason, a detailed simulation, similar to that 272 described in Section 4, has also been performed for muons and other external back-273 grounds in CUORE [19] . However, omitting subtle changes, the muon-induced back- 
